Laser irradiation during root canal treatment is efficient but in order to prevent irreversible thermal damage to dentine, cementum and other periapical structures continuous water cooling is required.
Introduction
The success of endodontic treatment depends on the efficiency of cleaning, shaping, disinfection and final three-dimensional obturation of the root canal space. For this reason, intracanal instrumentation and medication represent the basic precondition for a successful endodontic treatment. It has been reported that all the chemomechanical techniques of root canal preparation leave a significant amount of debris and smear layer (1) (2) (3) .
Apart from the standard antiseptic irrigants, ultrasonic techniques (active and passive) and laser beams (4) (5) (6) (7) (8) have lately been used for the sterilisation of the infected root canals with more or less success. Nowadays, Er:YAG (Erbium: YAG) laser, that belongs to a modern laser generation with a high water absorption rate, has most often been used in endodontic procedure. The optimal parameters of Er:YAG laser for endodontic treatment are the wavelength of 2940 nm with pulse duration of 50-300 ms, pulse repetition rate of 10-100 Hz and power of 15 W. It's a universal laser with a wide range of contact tips for the root canal treatment (9) (10) (11) (12) .
Er:YAG laser for cavity preparation and endodontic shaping of the root canal has been approved by the U.S. Food and Drug Administration (FDA) since 1997, with the aim of sterilising the canal system. The antibacterial effect of different laser types has been reported in numerous researches (7, (11) (12) (13) .
The advantages of laser beams in endodontic treatment have been demonstrated by bactericidal effects, dentine permeability and the removal of intracanal debris and smear layer du-ring root canal instrumentation (14) .
Thermal side effects of modern laser devices are mainly reduced to the minimum. However, even with constant technological improvements, a laser beam can have destructive effects on intracanal dentine and periodontal tissues during endodontic treatment. Thermal energy release during endodontic treatment depends on the laser type, pulse energy, frequency and pulse duration.
It has been considered that temperature leads to enzyme denaturation, especially alkaline 27 phosphatase. Instant water evaporation and a significant volume increase occur with the absorption of laser energy, resulting in the cracking of the dentine structure. External root resorption is also possible. The bone is more sensitive to thermal stress than periodontium because of its reduced vascularisation (13) .
Still, there hasn't been much data on possible thermal effects of laser beams on dentine tissue and the cementum of the root apex.
A successful root canal irradiation without consecutive changes on periodontal tissues implies an appropriate use of laser equipment. An inappropriate use can lead to thermal damage of all the tissues of endoperiodontal system and the soft tissues of the oral cavity as well.
The aim of this in vitro study was to examine the effects of Er:YAG laser irradiaton on intracanal dentine and the cementum of the root apex, with and without sterile saline solution irrigation.
Material and method
The control group (C) consisted of 10 teeth. After removal of the root canal content, the samples were treated using a step back technique with #15-30 K-files and irrigated with sterile saline solution.
The first/A (I/A) experimental group of samples included 20 teeth, Er:YAG laser-irradiated without irrigation.
The first/B (I/B) experimental group of samples consisted of 20 teeth, Er:YAG laser-irradiated with constant sterile saline solution irrigation.
Er:YAG laser working protocol included intracanal Er:YAG laser irradiation with the wavelength of 2940 nm, energy output per pulse 140 mJ, pulse duration of 125-160 ms, pulse repetition rate of 10 Hz and power of 15W. Total irradiation time for each root canal was 10 seconds.
After intracanal laser irradiation, the crowns from the control, the I/A and the I/B group were cut off at the cemento-enamel junction by using diamond disc and continuous distilled water irriga-tion in order to remove superficial debris that occurred during cutting. Tooth roots were cut longitudinally into two equal segments-mesial and distal. Then, the samples were prepared for SEM evaluation. The coronal, middle and apical thirds of the root canal samples were examined. The quantitative evaluation of the smear layer after laser irradiation was done in accordance with the Hülsmann criteria (15) .
The second/A (II/A) experimental group of samples consisted of 10 teeth, Er:YAG laserirradiated without using sterile saline solution.
The second/B (II/B) experimental group of samples consisted of 10 teeth, Er:YAG laser-irradiated with continuous sterile saline solution irrigation.
Four-milimetre-long samples of the apical thirds from the II/A and the II/B group were transversely cut off with diamond disc and prepa-red for SEM evaluation in order to analyse the cementum at the root apex.
The SEM preparation included air-drying of the samples, their fixing to aluminium stubs with a fixing agent (Dotite paint xc 12 Carbon JEOL, Tokyo, Japan) and sputter-coating with gold/ palladium ((in the unit JFC 1100E Ion Sputter JE-OL). The samples were then examined by scanning electron microscopy (SEM) (JEOL-JSM-5300).
Results
The obtained results are shown in figures 1-5 and tables 1 and 2.
Control group (C)
In the control group, after removal of the root canal content, the samples were treated using a step back technique with # 15-30 K-files and irrigated with sterile saline solution.
In the coronal and the middle third of intracanal dentine, smaller particles of superficial debris adhered to the smear layer surface were present, whereas in the apical third of intracanal den-( Figure 1 ).
Figure. 1.
tine larger debris particles were dominant. Dentinal tubules were completely closed In the I/A group of samples, after Er:YAG laser irradiation without irrigation, a glass-like and irregular surface of intracanal dentine was ob-served on all thirds of the root canals. Circum-pulpal dentine was melted and large cracks were observed. Irregular dentine structure was obser-ved with the occurrence of micro-openings in the coronal third. The use of Er:YAG laser without irrigation also 28 showed specific, melted, lava-like areas in the middle third, and the apical third of intracanal dentine showed that intertubular den-tine suffered more ablation than the peritubular dentine, leaving protruded, clearly exposed and completely closed dentinal tubules ( Figure 2 ).
In the I/B group of samples, after Er:YAG laser irradiation with continuous irrigation using sterile saline solution, clean dentine surfaces with preserved structure were obtained. The openings of dentinal tubules were of regular shape and almost equal diameter. There were no signs of demineralisation ( Figure 3) .
The results of the II/A group refer to the analysis of the ultrastructural appearance of cementum at the root apex after Er:YAG laser irra-diation without irrigation. The obtained results showed that cellular cementum was thermally modified with significant morphological changes. Cellular cementum was in the form of plates and cracks (Figure 4) .
The results obtained in the II/B group showed that the apex structure and the morpho-logy of cementum were preserved after Er:YAG laser irradiation with continuous irrigation using sterile saline solution. Numerous preserved cementocytes were observed within lacunae ( Figure 5) .
The values of the quantitative evaluation of dentinal debris and smear layer according to the Hűlsmann criteria on the samples of the I/A group showed the presence of a high amount of nonhomogenous smear layer covering the root canal of the quantitative evaluation of dentinal debris and smear layer according to the Hűlsmann criteria on the samples of the I/B group that were Er:YAG laser-irradiated with continuous sterile saline solution irrigation showed a small amount of smear layer or the complete absence of it. Thirteen samples in total were scored 1 and seven samples were scored 2 (Table 1) . Comparing the values of the quantitative evaluation of dentinal debris and smear layer between the samples in the I/A and the I/B group by using Mann-Whitney U test, a statistically significant higher value in the I/A group in relation to the I/B group was determined (3.20 vs 1.50; p< 0.001) ( Table 2 ). 
Discussion
The first attempts at removing the smear layer from the canal system using Marchida et al. (18) succeeded in completely removing the smear layer and debris on intracanal dentine walls of the extracted teeth by using KTP:YAG laser.
Blum and Abadie et al. (19) evaluated the cleanliness of intracanal dentine obtained by five different preparation techniques and they discovered that the combined use of ultrasonic preparation and laser showed the cleanest structure of intracanal dentine with open dentinal tubules and very little debris.
Er:YAG laser efficiency in removing the smear layer was also reported by Kesler et al. (20) , who explained the elimination of smear layer by the high coefficient of water absorption and minimal thermal energy release, especially when using continuous water cooling.
Harashima et al. and Takeda et al. (21) demonstrated the relation between the smear layer removal and energy emitted by a laser. They reported the melting of dentine when using high laser energy. In another study, Takeda et al. (12) evaluated the effects of three different endodontic irrigants (17% EDTA, 6% phosphoric acid i 6% citric acid) and two types of laser (carbon dioxide and Er:YAG) on the smear layer in the middle and the apical third of the root canal in vitro. The highest efficiency in removing the smear layer was reported after Er:YAG laser irradiation had been applied. Lower efficiency was shown by a CO2 laser, whereas the use of the three irrigants did not result in a complete smear layer removal, even the erosive demineralisation of intertubular dentine occured. Intracanal Er: YAG laser irra-diation with water cooling efficiently removed the smear layer without destructive effects and den-tine recrystallisation. The CO2 laser removed the smear layer by melting but Er: YAG laser was by far the most efficient (22, 23) .
The bactericidal effect of Er:YAG laser is proportional to the applied input laser power but it does not provide the complete sterilisation of the canal system (13) .
The main problem when using lasers for hard dental tissue cutting is heat production. Lasers applied in endodontics lead to the evaporation of organic tissue in the root canal (20) . Thermal energy release during laser endodontic treatment depends on the laser type, power level, device calibration, duration of a laser treatment, fiberoptic system of laser beam transfer, the presence of water cooling and the type of tissue that is being irradiated (23, 24) .
Apart from the thermal effect, the anatomical complexity of the root canal systems and the apical curvatures that reduce the laser efficiency should also be considered, and that requires technical improvement of the laser. The complete cleaning of all the surfaces of the intracanal system with a laser is made difficult in curved and narrow root canals since a laser beam is emitted in a straight line (12, 20, (25) (26) (27) . Thermal side effects of modern laser devices are significantly reduced but not completely eliminated.
An increase in thermal energy during endodontic treatment can have destructive effects on the dentine structure and the tissues of periodontal system. An increase of 10 degrees per minute is considered harmless for periodontal tissue. The bone is more sensitive to thermal lesions than periodontium. Operators should be careful during laser procedure since the temperature rises, and in some cases is higher than 100 C. For this reason, the use of lower energy parameters and shorter periods of laser procedures in clinical conditions are suggested in order to preserve periodontal tissue (28) (29) (30) .
Thermal effects of laser irradiation on cementum are less known. Due to possible thermal lesions in the cementum and other periodontal structures, temperature of the root surface before the experimental treatment of the root canal should be determined (28) .
Laser irradiation, due to an increase in thermal energy during endodontic treatment can have destructive effects on the dentine structure, cementum and the tissues of periodontal system as well. It has been considered that the temperature transferred through dentine and cementum causes enzyme denaturation, especially alkaline phosphatase with the occurrence of external root resorption (28) .
The results of the ultrastructural appearance of the cementum structure at the root apex after Er:YAG laser irradiation without water cooling showed thermally modified cellular cementum without its recognisible morphological characteristics. The cellular cementum was in the form of plates and cracks. These findings confirmed that inadequately applied laser treatment in the root canal resulted in consecutive changes on cementum at the root apex.
30
On the other hand, the results of the ultrastructural examination of the appearance of the cementum structure at the root apex after Er:YAG laser irradiation with continuous sterile saline solution irrigation showed preserved cementum morphology and structure. Lacunae with nume-rous preserved cementocytes were observed.
These results showed that the use of lasers in the sterilisation of the canal system is desireable and possible but under strictly determined conditions and with continuous water cooling.
Lasers with lower energy parameters and shorter periods of laser procedure with constant water cooling should be used in clinical conditions in order to preserve the tissues of endoperiodontal system.
Blum et al. (19) evaluated the cleanliness of intracanal dentine obtained by five different preparation techniques and they discovered that the combined use of ultrasonic preparation and laser irradiation showed the cleanest structure of intracanal dentine with open dentinal tubules and very little debris, which is in correlation with the results of this study.
The results of this research showed that laser irradiation without water cooling thermally modified the structure of intracanal dentine and cementum at the root apex in endodontic procedure. In all the thirds of the root canal, the glasslike and irregular surface of intracanal dentine was observed, whereas circumpulpal dentine was melted and with large cracks. The use of Er:YAG laser irradiation without water cooling also showed specific melted, lava-like areas (middle third), and the apical third showed that intertubular dentine suffered more ablation than peritubular dentine, leaving protruded, clearly exposed and completely closed dentinal tubules, which was in accordance with literature data (8-10, 26, 27) .
Intracanal Er:YAG laser irradiation with continuous sterile saline solution irrigation resulted in clean dentine surface with preserved structure. The openings of dentinal tubules were of regular shape and almost equal diameter. There were no signs of demineralisation.
Conclusion
Er:YAG laser irradiation without water cooling results in carbonisation, lava-like melting, the occurrence of large cracks in intracanal dentine and the thermal modification of cellular cementum in the form of plates and cracks.
Intracanal Er:YAG laser irradiation with water cooling efficiently removes smear layer without damage and dentine recrystallisation, while the morphology and structure of cementum remain unchanged.
Using laser irradiation in the sterilisation of the canal system is desirable and possible but under strictly determined conditions and with constant water cooling.
